Abstract-This paper evaluates outage probability (OP) of a path-selection protocol in multi-path multi-hop decode-and-forward (DF) relaying networks. In the considered protocol, relying on the end-to-end signal to interference-plus-noise ratio (SINR), the best path between the source and the destination is selected to enhance the outage performance under joint impact of co-channel interference and hardware imperfection. We derive exact and asymptotic closed-form expressions of the end-to-end OP for the considered protocol over Rayleigh fading channels. Simulation results are then presented to validate theoretical results.
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Introduction
M ULTI-HOP relaying protocol [1] - [2] can be used to increase performance of wireless communication systems in terms of outage probability (OP), error rates (Bit Error Rate (BER), Symbol Error Rate (SER), Packet Error Rate (PER)), channel capacity, network coverage as well as energy efficiency. In this technique, the source data is relayed to the destination via multiple intermediate relays. The relay nodes can use decode-and-forward (DF) method [1] - [2] or amplify-and-forward (AF) [3] - [4] method to send the source data to the next hop. In the DF technique, the relays have to decode the received data, re-encode and transmit the encoded data to the next node, while the relays in the AF technique simply amplify the received signal and forward the amplified signal to the next node. To enhance the performance for multi-hop relaying networks, various path selection schemes were proposed in [5] - [7] . Particularly, the authors of [5] - [6] proposed best-path selection techniques in multi-hop DF relaying systems. In [7] , the authors evaluated the outage performance of the best path, the shortest path and the random path selection strategies for beacon-assisted relaying networks in presence of active eavesdroppers.
Recently, the impact of co-channel interference (CCI) on the performance of wireless communication systems has been reported in many literature, e.g., [8] - [11] . CCI is an essential feature of wireless networks due to the aggressive frequency reuse. Published work [8] studied OP of two-hop AF schemes where the relay is impaired by CCI which is caused by the interference sources. In [9] , the authors evaluated the performance of bidirectional interference-limited AF protocol over Nakagamim fading channels. The authors of [10] proposed and evaluated the performance of transmit antenna selection (TAS)/ maximal ratio combining (MRC) -based relaying systems under the join impact of imperfect channel state information and CCI. In [11] - [12] , the authors considered the joint impact of CCI and hardware impairments (HI) on the performance of dual-hop and multi-hop relaying networks, respectively.
In this paper, we evaluate the end-to-end OP of the multi-hop DF relaying network under the joint impact of CCI and HI. Different from [12] , we consider the multi-path multi-hop scenario in which the best path is selected to maximize the end-to-end signal to interference-plus-noise ratio (SINR). For performance evaluation, we derive an exact closed-form expression of OP over Rayleigh fading channels. We also provide an asymptotic formula of OP at high transmit SNR to show insights into the system performance. Then, Monte Carlo simulations are performed to verify the derivations.
The rest of this paper is organized as follows. The system model of the proposed protocol is described in Section 2. In Section 3, the OP performance is evaluated. The simulation results are showed in Section 4. Finally, the paper is concluded in Section 5.
System model
System model of the proposed protocol
As described in Fig. 1 , a source (S) wants to send its data to a destination (D) employing the multi-hop transmission technique. It is assumed that there are paths between the source and the destination, and only one path is chosen for serving the data transmission. Assume that there are M interference sources denoted by I 1 , I 2 , . . . , I N , which cause CCI to all of the nodes including the relays and the destination. We assume that there are L m relay nodes on the m-th path, which are denoted as R m,1 , R m,2 , . . . , R m,Lm where m = 1, 2, . . . , M and L m ≥ 1, ∀m. All of the nodes are equipped with a single antenna and operate on a half-duplex mode. As a result, the data transmission on the m-th path is split into L m + 1 orthogonal time slots, using a time division multiple access (TDMA) approach.
Let us denote ϕ X,Y as the channel gain of the X − Y link, where X, Y ∈ {S, D, R m,u , I n } and m = 1, 2, ..., M , u = 1, 2, ..., L m and n = 1, 2, ..., N . Assume that all the channels are Rayleigh fading, hence the channel gain ϕ X,Y is an exponential random variable (RV) whose parameter is λ X,Y . To take path-loss into account, λ X,Y can be expressed by [13] [13] :
where d X,Y is distance between X and Y , and β is path-loss exponent. Therefore, cumulative distribution function (CDF) and probability density function (PDF) of ϕ X,Y can be given, respecitvely as
Under the joint impact of CCI and HI, the instantaneous SINR received at the node R m,u due to the transmission of the node R m,u−1 can be formulated as in [12] :
In (3), P p is transmit power of the source and all of the relays, P I is transmit power of all of the interference sources, κ 2 is total hardware impariment level of the R m,u−1 → R m,u link [14] - [15] , and σ 2 is variance of additive white Gaussian noise (AWGN) which is assumed to be same at all of the receivers.
For ease of presentation, we denote R m,0 ≡ S and R m,Lm+1 ≡ D for all m. For example, Ψ Rm,0,Rm,1 and Ψ R m,Lm ,R m,Lm+1 denote the instantaneous SINR of the first hop and the last hop on the m-th path, respectively. Next, setting P = P P /σ 2 and Q = P I /σ 2 , we can rewrite (3) as
Qϕ In,Rm,u + 1
Because the system employs the DF technique, the end-to-end SINR obtained on the m-th path can be given, similar to [12] :
From (5), to maximize the end-to-end SINR, the best path can be selected by the following strategy:
Performance evaluation
In this paper, we evaluate the performance of the proposed scheme in terms of the end-to-end outage probability (OP) which is defined as
where γ th is a pre-determined threshold. Using (6), we can rewrite (7) under the following form:
where Ψ Rm,u−1,Rm,u < γ th
where OP m,u = Pr Ψ Rm,u−1,Rm,u < γ th is the outage probability at the u-th hop. Next, substituting (4) into (9), we obtain (10) as shown on the top of the next page.
From (10), it is obvious that if 1 − κ 2 γ th ≤ 0, then OP m,u = 1 which leads to OP = 1. This implies that the considered system is always in outage when 1 − κ 2 γ th ≤ 0. In the following, we will consider the case of 1 − κ 2 γ th > 0. For ease of presentation, (10) can be rewritten under the following form:
where
From (11), we obtain OP m,u as shown in (13) on the top of the next page.
Substituting CDF and PDF of the exponential RVs (see (1) and (2)) into (13), and after some manipulations, an exact closed-form expression of OP m,u can be given by
Then, combining (8), (9) and (14), we obtain an exact closed-form expression of the end-to-end OP for the proposed protocol as (15) on the top of the next page.
To provide insights into the outage performance, we now find an asymptotic formula of OP at high values of P , i.e., P → +∞. We note that as P → +∞ then ρ 1 → 0 and ρ 2 → 0. Moreover, we have the following approximation:
Applying (16) Substituting (17) into (13), and after some manipulations, we obtain (18) as shown on the top of the next page.
Moreover, we can approximate OP m in (9) at high transmit SNR (P ) as Using (12), we rewrite (20) as (21) as shown on the top of the next page.
Looking at (21), it is shown that the outage probability of the m-th path is better with lower values of Q, γ th , κ 2 and with higher values of P , λ R In ,Rm,u . Next, using (20), OP of the proposed scheme can be approximated as (22) as shown on the top of the next page.
To determine the diversity order of the proposed protocol, we use the definition of the diversity order given in [16] :
Then, combining (12), (22) and (23) yields (24) as shown on the top of the next page. Equation (24) shows that the diversity order of the proposed scheme equals to the number of paths between the source and the destination.
Simulation results
In this section, we provide Monte-Carlo simulations to verify the theoretical derivations obtained in the previous section. We consider a two-dimensional plane Oxy in which the coordinates of the source (S), the relay (R m,u ), the destination (D) and the interference source (I n ) are (0, 0), u Lm+1 , 0 , (1, 0) and (x n , y n ), where m = 1, 2, ..., M , u = 1, 2, ..., L m , n = 1, 2, ..., N . In all of the simulations, we fix the value of path-loss exponent β by 3.
In Fig. 2 , we present OP of the proposed scheme as a function of the transmit SNR (P ) in dB with various values of Q. We can see that the OP values decrease when the transmit SNR increases. In addition, when the value of Q increases, the OP performance is worse due to higher transmit power of the interference sources. We also observe that the slope of the OP curves at high P region equals 3, which means that the obtained diversity order is 3. This validates the statement in Section 3 that the diversity gain equals to the number of available paths between the source and the destination. Finally, it is seen that simulation results (Sim) match nicely with the theoretical ones (Exact) which rapidly converge to the asymptotic ones (Asymptotic) at high transmit SNR. Similar to Fig. 2, Fig. 3 also shows that the outage performance is better with higher transmit SNR. Moreover, in Fig. 3 , we investigate the impact of the number of the interference sources on the OP values. For illustration purpose, we place all of the interference sources at the same position, i.e., x n = 0.5 and y n = 1
Qγ th ϕ In,Rm,u + γ th .
λ Rm,u−1,Rm,u ρ 1
(17)
for all n. It is worth noting that the scheme with N interference sources at the same position is equivallent to that with an interference source equipped with N transmit antennas. As we can expect, the performance of the proposed scheme in Fig. 3 is better as reducing the number of the interference sources. In this figure, the diversity obtained is two because there are only two paths between the source and the destination. Figure 4 shows the diversity order of the proposed protocol which varies from 1 to 3, corresponding to the increasing the number of paths from 1 to 3.
In Fig. 5 , we investigate the impact of hardware impairment level on the outage performance. As expected, the value of OP increases with higher κ 2 value and lower γ th value. As proved in Section 3, the proposed scheme is always in outage if 1 − κ 2 γ th ≤ 0. This is the reason why OP in Fig. 5 equals 1 at high hardware impairment levels.
Conclusions
In this paper, we proposed the best path selection method to enhance the outage performance for the multi-hop DF relaying networks under joint impact of co-channel interference, hardware imperfection and fading environtments. For performance evaluation, we derived exact and asymptotic closed-form expressions of outage probability, and then verified them by computer simulations. The results showed that the proposed scheme obtains the diversity order which equals the number of available paths.
